Although most present-day subduction zones are in trench retreat, plate reconstructions and geological observations show that individual margins experience episodes of advancing, retreating or stationary trench motion with timevariable subduction rates. However, most laboratory and numerical simulations predict steady plate velocities and sustained trench retreat unless the slab experiences folding in the transition zone. Using 2D dynamical models of subduction with a mobile trench and overriding plate, we find that rapid sinking of the slab during folding causes a reduction in asthenosphere viscosity through the non-linear rheology, which allows the overriding plate to move in the opposite direction of the asthenosphere. This decoupling of the direction of plate and asthenosphere flow allows for episodes of rapid trench advance after each slab folding event. By analyzing the interaction between slab deformation (sinking direction and speed), stress-induced changes in asthenosphere viscosity, asthenosphere flow and plate motions, we show that there are three modes of slab-flow-plate interaction: 1) coupled trench retreat during rapid vertical sinking, 2) coupled trench advance during prograde sinking of the slab, and 3) decoupled, rapid trench advance during folding with prograde motion of the shallow slab and retrograde motion of the deep slab. These results show that non-linear viscosity plays an important role in determining the force balance controlling trench motion and conversely that trench motion can be used as a constraint on the asthenosphere viscosity underlying the overriding plate. In addition, cooling by several hundreds of degrees during episodes of fast subduction could lead to a reduction in slab dehydration and fluid-induced melting in the mantle wedge. Such cold episodes would also likely lead to time-variability in the water content and related geochemical tracers in erupted lavas, as well as the amount of water being transported by slabs into the deep mantle.
Introduction 1
The motion of tectonic plates at the Earth's surface is the most direct observation of large-scale mantle flow 2 reflecting the time-dependent balance of driving and resisting forces acting on the base of the plates and through 
30
Geodynamic models of subduction show that strong trench retreat is promoted by stiff and less dense slabs (Fu- buoyant overriding plates (Holt et al., 2015) . A synthesis of results from analogue models found that both weak 34 (η slab /η mantle < 10 2 − 10 3 ) or stiff (η slab /η mantle > 10 4 ) and less-dense slabs exhibit trench retreat, with intermediate
Billen (2017) found that when using a more complete compositionally-dependent phase transition (CDPT) model, choices of model parameters (e.g., phase transitions, type of rheology) and model design (e.g., 2D vs. 3D, box depth),
54
making it challenging to constrain the balance of forces controlling plate and trench motion.
55
The thermal structure of the shallow slab and mantle wedge can also provide a further constraint on geodynamic 56 models of subduction because the mantle wedge must remain hot enough to generate magmas that feed the volcanic arc 
Methods

82
We model the time-evolution of slab deformation and thermal structure, in a two-dimensional equatorial slice 83 of a sphere, using the finite element code CitcomS (Zhong et the model boundary at 61
• (see Table 1 ). The proto-slab is created by first running the model with kinematic surface 97 boundary conditions (5 cm/yr on the subducting plate) until the tip of the slab reaches 200 km depth (Fig. 1a, b) .
98
The density anomaly of the slab depends on the minimum temperature of the slab, which varies with a maximum 99 difference in the range of 33 -46 kg/m 3 for a temperature anomaly of 500-700 • C.
100
In addition to the temperature, the plates are also defined by compositional layers that are tracked using tracer 101 particles ( Fig. 1b) which allows the subducting plate to slide past the overriding plate (Fig. 1c) . The viscosity of this layer smoothly 112 transitions to the olivine viscosity as the basalt composition transitions to eclogite. The lower mantle is modeled using 113 the diffusion-creep flow law for olivine, with a large intrinsic grain size, to assign a background viscosity of 10 22 Pa s.
114
The full range of viscosity allowed in the models is 10 18 -10 24 Pa s and occurs between the mantle surrounding the 
Results
138
We first present the dynamical behavior of the models describing the relationship between slab dynamics, trench As has been shown in the previous work discussed in the introduction, we find that the resistance to sinking at 660 is not sufficient to cause folding given the strength of the slab (model 7, maximum yield strength of 1 GPa; Fig. 2a ).
148
Slab folding leads to episodic motion of the trench and plates in which velocity increases and then decreases 149 during each folding event (Fig. 3) . However, unlike several previous studies we find that there is no underlying (Table 1) . However, if shear zone viscosity is increased by a factor of 5-10 the slab breaks off because
156
there is too much viscous resistance at the trench compared to the growing stress within the slab as it crosses the phase 157 boundaries in the transition zone (models 1c, 3c, 7c).
158
The folding of the slabs can be characterized by the fold frequency (how often a fold occurs) and the amplitude (Fig. 2d) . First, the average sinking rate decreases (Table 1) To understand what might lead to the oscillatory-dominated trench motion, we explored several model parameters 166 that had been previously suggested to control trench motion. First, we compared the effect of overriding plate thermal 167 density (model 1 and 2) and found that following strong trench advance at the start of the simulation as the slab rapidly is also slower overall and spends almost 9% of the time stationary (i.e., velocity less than ±0.1 cm/yr; see Table 1) .
Therefore, we conclude that overriding plate buoyancy does affect trench mobility by equalizing the isostatic pressure gradient between the overriding and subducting plates. 
209
One important remaining difference between our models and previous models is that the slabs sink into the lower 210 mantle, while in other models the slabs do not sink into the lower mantle for various reasons (resistance due to 211 viscosity jump, phase transition or a box boundary at 660 km). This leads to a different structure/geometry for the 212 return flow in mantle. In our models the return flow is primarily broad and deep, while in these other models the return 213 flow is isolated in the upper mantle. This difference in return flow structure may also be an important factor favoring 214 trench retreat. To further understand what is controlling the motion of the overriding plate and trench in the models, which differs 216 significantly from most previous models, we examined how deformation of the slab and the induced mantle flow is 217 coupled to motion of the overriding plate. In the case of steady sinking of the slab, we would expect that the sinking can be considerably more complex than expected from models with steady sinking and trench retreat.
237
The difference in behavior of models 4 and 5 compared to model 6 suggest a link between the non-linear rheology (approximated by limiting the minimum viscosity), and model 7 shows the effect of not including phase transitions.
250
For models 4-7, we see that there are variations in subducting plate speed (slab sinking rate) with time, but these 251 variations are smaller and occur less often for models 6 and 7. Also, the profiles of overriding plate velocity and are seen in models 4-6, and are also correlated with the magnitude and depth extent of horizontal motion of the slab.
260
The fact that coupled advance occurs when there is a large component of positive horizontal (prograde) slab motion
indicates that the stiffness of the slab is also an important factor affecting the amount of trench advance in the models.
262
For example, when the slab is mechanically weaker as in model 5, the prograde, horizontal motion of the slab and the 263 advance rate of the overriding plate, are also smaller.
264
Models 4 and 5 also exhibit short periods of rapid trench advance while the underlying asthenosphere is flowing and slab motion. Therefore, this analysis supports the conclusion that it is the weakening beneath the overriding plate 282 that is important in controlling the switch from mode 1 or 2 flow to mode 3 flow.
283
Together these three observations of model behavior during decoupled advance show that the sinking rate of 
Time-Dependent Thermal Structure
The episodic dynamics of the slab, plate and trench motion directly effects the time-dependent thermal structure 295 of the subducting slab and the mantle wedge (Fig. 6) . First, we find that the slab surface temperature (SST) depth 296 profiles at a single time are quite similar to that found for steady-state kinematic wedge flow thermal models with 297 similar parameters. The SST profiles are characterized by slow cooling of the slab at shallow depth, followed by rapid 298 heating at the depth where the slab first comes into contact with hot mantle wedge material. In our models, this depth 299 is primarily controlled by the basalt-to-eclogite transition, which determines the depth at which the crustal rheology slowly (only 2.5 cm/yr), the SSTs predict melting of hydrated basalt over a narrow depth range (Fig. 6i) .
310
In contrast, models with episodic slab folding exhibit substantially more variation in SSTs that primarily vary with 311 the speed of the subducting plate (Fig. 6b, c) . The hottest temperatures (up +225
• C relative to the median temperature) • C (at 100 km). These 316 cold pulses can be followed along the slab surface to depths greater than 250 km and are reflective of much colder 317 temperatures throughout the slab interior (see crust-mantle-boundary (CMB) profiles in Fig. 6i-l) .
318
In addition to the coupling depth, the mantle viscosity has a strong effect on SSTs. In model 6, the higher minimum 319 mantle viscosity causes the mantle wedge corner to deepen over time and this also shifts rapid heating of the slab 320 surface from 75 km down to 100 km depth (Fig. 6d ). Similar to model 7, because there is little variation in subduction 321 rate, the SST profile is relatively constant in time. Also the median SST (deeper than the decoupling depth) is higher 322 because the subduction rate is slower on average. At shallow depths, there is a slight shift to colder temperatures after 323 35 my coinciding with a shift to larger slab curvature (smaller slab dip) and growth of the accretionary prism above 324 the shallower slab (see Fig. 4j-l) .
325
Mantle wedge temperature is also affected by the minimum mantle viscosity, through the effect on shallow slab km for wet peridotite and times when dry melting is possible (e.g., model 4; Fig. 7a, c) . Note, the vertical profile 329 is located where the slab-surface crosses 100 km depth. In contrast, when the minimum viscosity of the mantle is Fig. 7b, d ). This is followed by a more rapid increase in slab curvature from ≈ 400 km to 332 melting of peridotite is not possible along this profile (but could occur along vertical profiles locate further down the 334 slab surface). However, even in the "hot" mantle state, the wedge profiles are cooler by ≈ 100
• C (Fig. 7b) compared   335 to the models with a lower minimum mantle viscosity. In kinematic wedge thermal models, the mantle viscosity can 336 be changed independent of slab geometry; these fully-dynamic models demonstrate that these parameters are not in 337 fact independent and can lead to pronounced changes in slab-wedge thermal structure when there is self-consistent 338 time-dependent evolution of slab geometry. 
Discussion
340
Determining the relationship between plate and trench motion, and slab deformation is important for determining OP into advance, while the deeper retrograde motion pulls the underlying asthenosphere toward the slab.
360
There are three aspects of the physical model that combine to cause the three modes of slab-flow-plate intereaction.
361
The first aspect is the slab rheology, including both the total stiffness (integrated strength across its thickness) and the However, when the viscosity is stress-dependent, this same stress can be accommodated at higher strain-rate leading the maximum subducting plate speed is only 2.6 cm/yr, far below the maximum subducting plate speeds observed in 399 the present-day . Therefore, the viscosity structure would need to change in such a way as 400 to allow for faster subducting plate speeds, and more trench retreat. In particular, the models presented here assume with a suite of observations that are sensitive to different parameters.
405
These results also present new challenges to applying an analytical force-balance approach to understanding how Second, rather than assessing the instantaneous force balance given a specified slab geometry, it is necessary to 419 take into account how the evolving slab-induced stresses on the mantle can change the mantle viscosity structure. Both 420 this study and the study by Jadamec (2016) show that the viscosity can be reduced by 10-100x, not just immediately 421 around the slab, but reaching 500-1000 km from the slab beneath the plates. The models presented here show that 422 these changes in viscosity structure can be rapid, and are happening continuously. However, the largest changes in 423 viscosity in the models, those leading to complete decoupling of plate motion direction, are short-lived and relate to 424 large changes in slab geometry, suggesting that such events may also be less common in the Earth (e.g., the time- 
441
The models presented here also highlight the degree to which slab thermal structure can vary in response to 442 changes in slab sinking rate. First, slab sinking rates vary from 2 to > 10 cm/yr in response to changing slab geometry 
454
The model analysis highlights how the differences between the model design used in our studies and that used and thermal boundary conditions that would lead to both large-scale and small-scale upwelling.
466
However, we suggest that the models presented here bring us closer to earth-like subduction for several reasons.
467
First, the models use an earth-like non-linear rheology, which is known to be active in the upper mantle, and which
468
we have now shown plays a fundamental role in the coupling of plate-flow-slab interactions. Models that do not 469 include non-linear rheology may be able to match some observations, but they tend to have very cold mantle wedges.
470
More studies on the effect of non-linear rheology are necessary to better capture and understand the variables that with previous kinematic thermal models that match a variety of temperature-related observations (e.g., dehydration, 484 melting, surface heat flow). This is further evidence that the non-linear rheology, which is a key factor controlling the 485 slab-wedge thermal structure, through its effect on the slab sinking rates and mantle flow rates, is a first order feature
486
of an earth-like model of a subduction zone. 
Conclusions
488
Using 2D fully dynamic models of subduction we have shown that there is a feedback between slab deformation 489 and stress-induced weakening of the asthenosphere underlying the overriding plate through non-linear rheology. We 490 find that there are three modes of interaction between the slab deformation, mantle flow and overriding plate motion.
491
In mode 1 and mode 2 the overriding plate and underlying mantle have coupled motion with either trench retreat or 
